This paper presents a shoreline change analysis applied to identify the sediment transport path involving nine adjoining beaches, including dunes and spits, located along the microtidal eastern and northern shores of Santa Catarina Island (Brazil) and extending 50 km from Barra-Moçambique to Daniela. A data set was comprised of aerial images from 1957, 1978, 1998, 2002, 2007, and 2010, and the 2012 shoreline position measured with real-time kinematic GPS, topobathymetric data set, and a 60-year water-level time series. The images were rectified and the shoreline position for each year was extracted. The average errors (ranging from 1 to 9.8 m) of the rectification process as well as the horizontal tide-related errors (varying from 8.3 6 2.6 m to 14.9 6 0.6 m) were calculated within a confidence level of 95%. Two complementary approaches were used: (1) general trends analysis using linear regression rate method and (2) shoreline behaviour statistically analysed by Euclidean distance and year-to-year analysis. The results indicate an anticlockwise longshore transport between a series of beaches with variable orientation and separated by headlands, including a dune overpassing from Santinho delivering~10,000 m 3 y À1 to Ingleses, and headland bypassing leading to the development of three spits along the protected part of the study area that have possibly been nourished by subaqueous sand transport from the updrift beaches. During its development the Ponta das Canas spit grew~7000 m 3 y À1 , controlling the sediment availability downdrift. As the spit grows it traps sediment and the downdrift area retreats; on the other hand, when the spit merges to the coast the sand spreads and the downdrift beaches prograde.
INTRODUCTION
Beaches are natural environments that fluctuate in response to changing physical processes. The knowledge of their fluctuations has evolved beyond an academic and scientific exercise to become a common objective of most coastal management programs (Moore, Ruggiero, and List, 2006) such as setback lines definition (Ferreira et al., 2006 ). An effective approach to understanding these processes is through examination of historical shoreline change (Dolan et al., 1980) to determine shoreline stability, setback and hazards lines. It has been shown that shoreline changes analysis provides a good indication of erosion/accretion rates (Absalonsen and Dean, 2011; Farris and List, 2007; Jones et al., 2009) as well as being used as regional and historical data points for calculating the sediment budget (Toldo et al., 2013) .
Despite being bounded by headlands or man-made structures, embayed beaches are very dynamic, presenting a seasonal or event-related variation in width, morphodynamic state and orientation (beach rotation process) (Harley et al., 2014; Klein, Benedet Filho, and Schumacher, 2002; Masselink and Pattiaratch, 2001; Ojeda and Guillén, 2008; Ranasinghe et al., 2004; Short et al., 1995; Short and Masselink, 1999; Turki et al., 2013) . Because of their physical limits, embayed beaches and beaches bounded by hydrodynamic obstacles (such as inlets) have frequently been considered closed systems (without significant input/output of sediment), although several studies have reported obstacles bypassing and overpassing (Ab Razak et al., 2013; Boeyinga et al., 2010; Cheung, Gerritsen, and Cleveringa, 2007; Eslami et al., 2010; Fitzgerald, Krauss, and Hands, 2000; FitzGerald and Pendleton, 2002; Goodwin, Freeman, and Blackmore, 2013; Mariani, Carley, and Miller, 2010; Short and Masselink, 1999; Silvester, 1985) . A conceptual model of headland bypassing was presented by Short and Masselink (1999) . According to the authors the process begins with the beach rotation when sand is accumulated on the updrift side of the headland, and then moves subaqueously around the headland to emerge as an elongated spit at the lee of the headland and finally the spit merges with the coast. Therefore, understanding and identifying beach rotation and spit development is essential to recognizing headland sand bypassing and understanding its role in longshore sediment transport.
The aims of this paper are to: (1) analyse the shoreline changes along a section of the southern Brazilian coast; (2) interpret beach rotation and spit development using shoreline changes and (3) use the shoreline changes, bathymetric measurements and current evidence to test the conceptual model of headland bypassing (Short and Masselink, 1999) and overpassing. This is the first time sand transport around a series of beaches and headlands via bypassing, overpassing and spits has been documented.
Regional Settings
The study area encompasses nine beaches located around the microtidal coast of the eastern and northern shores of Santa Catarina Island. They extend for 50 km from BarraMoçambique on the east coast to Daniela Beach, which faces west into the North Bay entrance (Figure 1 ). Santa Catarina Island receives a dominance of northerly winds, with strong southerly winds accompanying the passage of cold-front systems (Nobre et al., 1986; Truccolo, 2011) . The most frequent waves arrive from the south with a 12-second period, followed by the sea from the east with an 8-second period and averaging 1-1.5 m in height (Araújo et al., 2003) . The highest waves comes from S and SE, with a H o (deepwater wave height) greater than 4 m and periods above 11 seconds. During the autumn and winter, the swell waves from the south prevail over easterly seas, whereas in summer there is a balance between both and during the spring easterly seas are predominant. The astronomical tide is microtidal with a range between 0.4 and 1.2 m during neap and spring tide periods, respectively, whereas the low-frequency oscillations (including storm surges) can be as high as 1 m (Truccolo, Franco, and Schettini, 2004) .
Beach face sediment sampled at 189 points spaced at an average of 200 m by the Federal University of Santa Catarina (UFSC) Coastal Oceanography Laboratory at the study area for MMA (Ministry of the Environment) showed a homogeneity of the sediment at the study area from Santinho to Daniela composed of moderately sorted medium sand and well-sorted fine sand, with an average diameter ranging from 0.20 mm (near the southern Ingleses) and 0.30 mm (near the southern Brava). Barra-Moçambique Beach had the greatest variations. In the southern sector 65% of the samples are composed of fine sand (0.20 mm to 0.25 mm) and 35% of medium sand (0.26 mm to 0.41 mm), ranging from moderately to well sorted. The central sector ranged from moderately to well sorted with 48% fine sand (0.23 mm to 0.25 mm), 48% medium sand (0.26 mm to 0.43mm) and only one sample (4%) classified as coarse sand (0.52mm), with a slight increase in grain diameter from south to north. In the northern sector grain size decreased northward, with 32% of the samples classified as fine sand (0.21 mm to 0.25 mm), 64% as medium sand (0.25 mm to 0.44 mm) and 4% as coarse sand, all ranging from moderately sorted to well sorted.
The beaches in the study area vary from sheltered reflective beaches in the north to predominantly rip-dominated transverse bar and rip to rhythmic bar and beach, also including a double bar system at Moçambique (Klein, Short, and Bonetti, 2016) in the east. Porpilho et al. (2015) used interferometric and current meter data to identify an intensification of the current in front of the headland between Moçambique and Santinho leading to a net northward sediment transport. CPE (2010) conducted a numerical modeling study at the study area and the results indicate that the intensification of currents near the headlands of the study area (the results cover from Daniela to Brava beaches) was observed in Brava-Lagoinha and Lagoinha-Ponta das Canas headlands during flood tide condition. During ebb tides this intensification is not observed, suggesting a net transport toward North Bay.
METHODS
This section is divided into four subsections. The first subsection will present the data set used; the second defines the shoreline indicator; the third describes the shoreline position error quantification; and finally the fourth presents the shoreline changes analysis.
Data Set
A set of aerial photos from 1957, 1978, 1998, 2002, 2007 and 2010 from multiple sources (Table 1) , as well as a real-time kinematic (RTK) GPS field survey from 2012, were used to analyse the decadal shoreline changes along the north shore of Santa Catarina Island. The images were digitalized in variable resolution to standardize the pixel size representation of at least~1 m as suggested by Araujo et al. (2009) .
Image rectification was performed in a GIS environment by relating the image to actual coordinates. The coordinates can be obtained in the field or in digital cartographic databases. In this case, a digital 1:2000 base map (Instituto de Planejamento Urbano de Florianópolis [IPUF] ) was used, with its accuracy calculated by Muler et al. (2014) at 1.63 m. As the error was a systematic displacement of the base map it was corrected by subtracting the error of both east and north directions; the corrected base map error tended to zero.
Beside the shorelines digitalized from aerial photos, a set of in situ data was measured and is presented in Figure 1 . It comprises subaerial beach profiles and a bathymetric survey, as well as a shoreline position measured with a RTK-GPS.
Beach profiling and a bathymetric survey were carried out by UFSC Coastal Oceanography Laboratory at the study area for a MMA in 2013. The beach profiling survey consisted of 189 transect lines perpendicular to the shoreline, spaced an average of 200 m apart encompassing all the studied beaches. It was conducted using a RTK-GPS Trimble R6 from the most onshore to the most offshore position where the RTK-GPS antenna was safe and dry. The data were realtime corrected by a base station set in a known position. The bathymetric survey was conducted with interferometer Edge Techt 4600 at a frequency of 540 kHz and a swath of 400 beams with 0.2-m diameter, resulting in a coverage swath corresponding to three times the water depth. The system has an integrated sound velocity sensor Teledyne Odom Hydrographic Digibar Pro for postprocessing the bathymetry and two differential GPS (DGPS) using an Omnistar XP to correct its position and identify the boat heading, as well as a ship motion control inertial movement unit (SMC IMU-108) motion sensor to correct the boat movements (pitch, roll and heave), all linked to a processing unit. A total of 865 km was mapped, covering the whole study area from the most onshore depth the boat could safely navigate to below the closure depth. The gap between the subaerial beach profiles and the bathymetric data was completed using the equilibrium profile presented by Bruun (1954) and Dean (1977) . For each measured profile an iterative process was used to identify the ''A'' factor that best fits the study area. This procedure was necessary because we found that at the swash zone and very shallow waters (i.e. ,1 m) the beach slope varies considerably and the A parameter should be adapted for each case, so the gap between subaerial profiles and bathymetry was a smooth transition, avoiding abrupt bathymetric changes.
A 60-year (1948-2008) water-level series developed by SMCBrasil (MMA and Instituto de Hidrá ulica Ambiental of Universidade de Cantábria) was used to analyze the range of the high water line (HWL) in a timescale compatible to the shoreline change analysis. The series is composed of both astronomical (from TPXO [Egbert, Bennett, and Foreman, 1994; Egbert and Erofeeva, 2002] ) and meteorological effects from numerical simulations using wind and pressure fields as input. Shoreline Indicator Boak and Turner (2005) found that the best shoreline indicator depends on the study in question and the possibility of identification of an indicator. According to Araujo et al. (2009) the HWL is normally the most prevalent and easily identifiable in the images in Santa Catarina State. It is recognized in aerial photographs as a tonal contrast between the wet intertidal beach and the dry supratidal beach (Moore, Ruggiero, and List, 2006) and it has been demonstrated to be the best indicator of the land-water interface for historical shoreline comparison studies (Crowell, Leatherman, and Buckley, 1991) . Nevertheless it is important to know and quantify the errors related to the shoreline indicator. For this paper, the HWL indicator was chosen and traced in a SIG environment for further shoreline variation analysis.
Shoreline Position Error Quantification
The main sources of errors on shoreline analysis using aerial images and HWL as shoreline indicators are related to the image rectification process and to water-level fluctuations (Moore, 2000) . To quantify the errors related to these processes a 95% of confidence was used.
At the rectification process at least 20 control points distributed evenly throughout the image were used so that it is possible to calculate the 95% confidence interval error of the rectified images on the basis of its root mean-square (RMS) errors according to FGDC-STD (1998) and Araujo et al. (2009) . Images from 2010 were already rectified with the error presented in the metadata.
The RTK-GPS survey involved setting up a GPS base at a known position and walking with a GPS rover attached to a wheel at the wet-dry sand interface and collecting one sample every 0.5 m. The processed data resulted in a constant error estimation of~1 cm (0.01 m).
The HWL delineates the landward extent of the last high tide (Crowell, Leatherman, and Buckley, 1991) , including the swash effect and despite it being easily identified and prevalent on the analyzed images, it may vary from one day to another and so its error must be quantified. The 60 years of water-level data were analyzed as follows: (1) HWL was identified on the series; (2) frequency of the HWL was computed; (3) the vertical tidal range of the HWL was considered as the 95% of modal levels-the 2.5% highest and 2.5% lowest tidal levels were not considered since they are very unlikely (5% of chance) to happen on the day when the image was obtained (Figure 2) . HWL varied in a range of 0.9 m at the study area for 95% of the time; (4) the beach face slope at the 189 measured profiles was used to transform the vertical water level to a horizontal distance.
The errors related to the rectifying process, RTK-GPS survey and tide related (average horizontal tide error per beach), are presented in Table 2 . Each source of error is assumed to be independent; thus, as presented by Crowell, Leatherman, and Buckley (1991) , the total error estimation is calculated by the RMS approach divided by the analyzed time frame. Note that as the beach slope varies along the beaches the tide-related errors are also variable. Therefore, the errors were calculated for each transect (at every 50 m) and for each analyzed time frame according to:
where E t is the total error per transect (m y
À1
); E im1 is the rectification-related error of image (aerial photo) 1 (m); E im2 is the rectification-related error of image (aerial photo) 2 (m); E hte is the horizontal tide-related error (m) and t is the time (y) between the analyzed images. When more than two images (aerial photos) are compared (i.e. for general trend analysis), the errors of all images are included in the error calculation.
Shoreline Changes
The digital shoreline analysis system tool developed by Thieler et al. (2005) and improved by Thieler et al. (2009) was used to calculate the shoreline changes. By using the tool, lines orthogonal to the shoreline with predefined spacing (every 50 m) were generated and the distance between a baseline and the traced shorelines was used to calculate shoreline change rates on the basis of statistical regression fits. To smooth changes in shoreline position from transect to transect, and to minimize measurement errors or uncertainties, Ferreira et al. (2006) suggested the use of a moving average corresponding to 750 m. For the present paper it was found that 550 m was enough to filter the high frequency related to local shoreline position variations (such as beach cusps) without removing the actual shoreline changes. To analyze the general trends of the shoreline, the linear regression rate was used. Changes less than the shoreline position errors were assumed as stable. The shoreline changes comparison between every transect for the whole study area was carried out by computing a Q-mode association matrix. The Q-mode resemblance functions are used to measure similarity or dissimilarity between samples (Ludwig and Reynolds, 1988) . The resemblance function method chosen was the Euclidean distance. A matrix based upon Euclidean distance can lead to unique insights in data interpretation (Elmore and Richman, 2001) ; in the case of the present paper it shows how similar (or dissimilar) the shoreline changes are between each analyzed transect and all the rest of the area. The Euclidean distance is defined by the hypotenuse of a right triangle whose other two legs are parallel to the two data axes (Wilks, 2006) according to:
To do so the cases (transects) were organized in the similarity matrix anticlockwise orientated from Barra-Moçambique (bottom right) to Daniela (top left). Each row represents one transect. Lower values indicate that shoreline position behaves similarly (i.e. preset similar trends along time series data), whereas higher values indicate that the transects have different behaviours (i.e. different shoreline displacement rates/inverse trends). The Euclidean distance values were considered indicators of significant differences when higher than 70, whereas coefficient values lower than 70 are interpreted as representing similar change patterns.
To help the interpretation of the Euclidean distance analysis the end-point rate method was used for the year-to-year comparison. The method analyzes the distance of the shorelines at every transect and divides it by the time between them, giving as a result the rate of change in meters per year. Figure 3 presents the bathymetry at the study area. Areas not covered by the topobathymetric data set presented in Figure 1 were completed with nautical charts. Profiles in front of each headland are presented at the bottom of the figure. The profiles vary in steepness from 1:30 in front of the Ingleses and Brava headland to a very gentle slope (1:170) at Daniela.
RESULTS
The maximum shoreline displacement at the study areaover the 55 years-is presented in Figure 4a . The most dynamic portion of the study area is in the NE at Ponta das CanasCanasvieiras Beach, which had a maximum variation of 330 m. The central portion of Barra-Moçambique Beach is the most stable area, with a maximum shoreline variation of 12 m where the beach rotation pivotal point is located. The results presented in Figure 4b and Table 3 shows that most of the study area is either stable or retreating. Exceptions are accretion at Santinho Beach (0.24 6 0.38 m), northeast of Ponta das Canas-Canasvieiras (2.13 6 1.47 m), Forte (0.38 6 0.69 m) and Daniela (0.06 6 0.81 m).
Spit Formation
The northeast headlands of Ponta das Canas-Canasvieiras and Forte have very dynamic spits that go through a cycle of downdrift growth, attachment of the spit to the beach (usually impounding small lagoons) with a rip exiting the lagoon or downdrift side of the sand wave and causing downdrift erosion of the beach, and the merging of the spit with the beach and gradually dissipating downdrift, following the model described by Short and Masselink (1999 ). In both cases the migration is faster at the beginning of the migration and slows down as it migrates and merges. At Jurerê a minor spit is present and its formation and migration happen at a smaller scale where it acts as a sand wave and does not impound a lagoon. The presence of these features is an indication of net transport toward North Bay. They also follow the model of Short and Masselink (1999) and suggest that sediment may be bypassing the headlands to initiate the spits. Daniela Beach is also prograding, with the beach extending as a sand spit 3 km into the bay entrance (Figure 5d ), with bathymetric data (Figure 3) showing that the spit extends underwater. The large spit can only have been supplied through westerly longshore sediment transport. This spit also represents the final terminus or sink for the northern Santa Caterina Island shore. The northern part of Santinho Beach has a significant Euclidean distance (Figure 6 ) when compared with Ingleses Beach, which can be explained by the inverse pattern presented by both beaches-when north of Santinho is prograding, Ingleses is retreating and vice versa (Figure 7 ). Similar patterns are also observed between Ingleses and Brava beaches, Lagoinha and north of Ponta das Canas-Canasvieiras Bay. The latter case may indicate that at least part of the sand that builds Ponta das Canas spit is coming from Lagoinha Beach. The northeastern part of Ponta das Canas-Canasvieiras has the highest distance values (Figure 6 ), differing from all the other beaches ( Figure 6 ). It is the most distinct environment within study area in terms of shoreline change patterns. These differences occur because of the presence of the headland bypassing process identified by the cyclic development and migration of the spit. Figure 7 shows that when the Ponta das Canas spit is growing it traps sediment and the downdrift area (toward North Bay) is deprived of sediment and retreats; on the other hand, when the spit merges to the coast (retreating) and starts to spread, the downdrift beaches prograde. This is part of the pulsative cycle of sediment initiated by the spit and manifests as it downdrifts and merges with the beach.
Forte Beach is also a very dynamic area (see Figure 5c ) and undergoes a cyclic pattern of spit formation, growth, downdrift erosion and merging to shoreline. By analysing Figure 7 it seems that the process that happens at Ponta das Canas-Canasvieiras is also happening at Forte, which explains the difference when compared with Jurerê. In this case, Jurerê is providing sand by headland bypassing to Forte Beach. Figure 7 illustrates the rotational behaviour of some of the beaches. Barra-Moçambique (1957 -1978 , 1998 and Santinho (2002) (2003) (2004) (2005) (2006) (2007) experience erosion at one end while the other end accretes, suggesting beach rotation. This process may be linked to sediment bypassing between Barra-Moçambique and Santinho, and between Santinho and Ingleses, with northerly rotation providing sand for headland bypassing, as suggested by Short and Masselink (1999) . In addition, it may increase the sand availability from Santinho Beach to supply the dune, which in turn delivers sand by overpassing to Ingleses.
Beach Rotation

DISCUSSION
On the basis of the presented shoreline analysis as well as other authors' observations, a sediment path has been identified along the northern coast of Santa Catarina Island. The path extends for 50 km from Barra-Moçambique to Daniela, including beach rotation and spit migration, which are evidences of headland bypassing presented by Short and Masselink (1999) in their conceptual model. Close to the study area there are no large drainage systems or eroding cliffs that suggest that the main source of sediment is through longshore transport as well as from the inner shelf. A schematic map based on the results and those of other authors is presented in Figure 8 . This discussion will commence at Barra-Moçambique Beach and work counterclockwise around the northern part of the island in the direction of sediment transport.
Barra-Moçambique
Although the temporal scale of beach rotation process has a higher frequency (less than decadal) that could not be recorded by the present data set (greater than decadal), the very stable central portion of Barra-Moçambique Beach bordered by more dynamic north and south sectors may indicate a transitional fulcrum area of the rotation process as described by Short, Trembanis, and Turner (2001) and Klein, Benedet Filho, and Schumacher (2002) . Therefore, there is a strong indication that Barra-Moçambique Beach undergoes a rotational process that could result in sediment accumulation at its northern end, providing sand for headland bypassing to the adjoining Santinho. The bathymetric data (Figure 3) show that the profile in front of the headland presents a convex shape to~6-m depth and then becomes concave, suggesting sediment accumulation in front of the headland (Figure 3 ). In addition, Porpilho et al. (2015) observed the northerly migration of sand waves past the headland, confirming that sediment is moving northward around the headland as part of the headland bypassing process.
Santinho-Ingleses
It has been shown that a reduction in sand input from the Santinho dunefield to Ingleses Beach has led to a retreat of the Ingleses shoreline that may indicate that it is losing sediment downdrift (northward-eventually to Brava). According to Boeyinga et al. (2010) , Santinho Beach is supplying a dunefield that migrates northward and delivers 10,000 m 3 y À1 to Ingleses
Beach via headland overpassing. Pinto et al. (2015) found that the migration rate of the dunefield has decreased during the last 60 years because of urbanization and increasing vegetation cover. This may explains the recent progradation of Santinho as well as indicate the importance of the dunefield to nourish Ingleses, which is now retreating. Porpilho et al. (in press) indicate the formation of a shoreface sand body (SSB) in front of the Santinho-Ingleses headland, which is also observed in bathymetric data (see Figure 3) . According to the authors, the formation of the SSB has occurred because of the convergence of bidirectional currents and associated sediment transport. Therefore, although the beach experiences beach rotation (Figure 7) , no significant headland bypassing is expected to occur around this headland and the main path of sediment is via dunefield.
Ingleses-Brava
Although the headland between Ingleses and Brava has the steepest profile (Figure 3) , the first 70 m from the headland lies in depths shallower than 5 m where sand can be transported by waves. The more energetic southerly waves (Araujo et al., 2003) may be able to transport sand around this headland. Also, Ingleses and adjoining Brava beaches behave differently (see Figures 6 and 7) with unrelated rates of shoreline changes (i.e. Brava prograding and Ingleses stable between 1998 and 2002 as well as 2010 and 2012). However, sediment transport between the beaches has not been verified.
Brava-Lagoinha
There is no evidence of sediment bypassing between Brava and Lagoinha and they show similar behaviour as shown in Figure 6 (Euclidean distance ,70) and Figure 7 (i.e. Brava and Lagoinha retreating between 1957 and 1978 , stable between 1978 and 1998 and prograding between 1998 ; however, the bathymetry in front of the headland (Figure 3) indicates that at least a 150-m-wide strip close to the headland lies in depths less than 5 m where wave-driven sediment transport may be occurring. Between Ingleses and Lagoinha is a gap in our knowledge of the sediment path, although it is possible that the sand bypasses both headlands and finally reaches Lagoinha. CPE (2010) and Porpilho et al. (2015) showed that the intensification of the currents and associated shore perpendicular to northward-migrating megaripples around the headlands of the study area may indicate sediment transport in these areas and contribute to sand bypassing around both headlands.
Lagoinha-Ponta das Canas
Sand is apparently moving from Lagoinha to the Ponta das Canas spit through headland bypassing. The Ponta das Canas spit controls the sediment availability downdrift as far as Daniela. In front of the headland between Lagoinha and Ponta das Canas (Figure 3 ) a gentle bathymetry (~1:100) is observed, indicating an accumulation of sand. The average rate of spit migration is 60 m y À1 and represents an increase of 7000 m 3 y
À1
(on the basis of the spit height of 1.2 m). The spit undergoes initial rapid accumulation, then slows down as it migrates. As the spit grows it traps sediment and the downdrift area (toward Daniela) retreats; on the other hand, when the spit merges to the coast (retreating) and starts to spread, the downdrift beaches prograde. The cyclic development and migration of the spit corroborates with the Short and Masselink (1999) model of headland sand bypassing.
Jurerê and Forte Spits
Besides the major spit formation at Ponta das Canas, two minor spits were identified at Jurerê and Forte beaches. The shoreline changes presented in Figure 4 also support the hypothesis of sediment bypassing at both Jurerê and Forte beaches, which are prograding because of sediment accumulation and westward migration as indicated by Almeida et al. (1991 ), CPE (2010 ), and Diehl (1997 . From the aerial photos ( Figure 5 ) as well as the bathymetry (Figure 3 ) the presence of sandbars close to the headlands and spits (Ponta das Canas, Jurerê and Forte) is apparent and it is clear that the headlands are not capable of trapping all sediment but they are part of the longshore transport path. The small spit at Jurerê is nourished by longshore sediment transport from Ponta das CanasCanasvieiras. The Jurerê spit is also the main source of sediment to Forte spit that in its turn delivers sand to Daniela. The average migration rate of Forte spit is 40 m y -1 , representing a volume increase rate of 4600 m 3 y
À1
.
Daniela Spit
According to Almeida et al. (1991) , westerly longshore drift is responsible for developing the sandy spit at Daniela. In addition, the bathymetry at the end of Daniela spit (Figure 3 ) has a very gentle slope, indicating sediment accumulation. According to Diehl (1997) , this development is due to net sediment transport from the exposed area of the island westward toward North Bay. On the basis of its plan form, Silveira, Klein, and Tessler (2010) classified Daniela Beach as being in dynamic equilibrium, with the coastline being seaward of its equilibrium position, which may lead the shoreline to migrate toward its equilibrium as the sediment supply reduces. This would explain the erosional trend along the western part of Daniela Beach-as the sediment is trapped at Forte, the eastern part of Daniela Beach is presently prograding, while the western part of Daniela retreats. The development of the sandy spits are strong indicators of sediment transport into North Bay, and the process of sediment bypass on updrift beaches is therefore an important mechanism for such development.
The spit formation and migration are strong indicators of the direction of the net sediment transport and support the anticlockwise path of sediment presented in this paper. Also the formation and migration of spits are dependent on sediment availability. Considering that the prevailing direction of the longshore transport is anticlockwise as well as the episodic formation of the spits along the study area, it is very likely that headland bypassing is the main source of spit formation and growth. The anticlockwise transport is supplying sediment downdrift of the study area-either a sink of sediment or a transitional area to the continuation of the sediment path.
CONCLUSIONS
This paper presented a shoreline change analysis used to identify the sediment transport path and headland bypassing involving nine beaches, extending 50 km from BarraMoçambique to Daniela and including dunes and spits located along the microtidal coast of eastern and northern shores of Santa Catarina Island, Brazil. Although longshore sand transport is well documented and headland bypassing and overpassing have been reported, this is the first time sand transport around a series of beaches and headlands via bypassing, overpassing and spits has been documented.
Beach rotation was identified at Barra-Moçambique and Santinho beaches. The accumulation of sand by beach rotation may be the first step to sand bypassing. It was also demonstrated that Santinho Beach is prograding while Ingleses is retreating, indicating the importance of the dunefield to supply sediment to Ingleses.
It was not possible to identify a sediment transport (bypassing) between Ingleses and Brava beaches as well as between Brava and Lagoinha. The stretch of the coast between Ingleses and Lagoinha is therefore the main gap in our knowledge of the sediment path.
A major spit develops NE of Ponta das Canas and cyclically grows, migrates, merges and releases the sediment to downdrift areas, indicating the occurrence of a headland bypassing process. As the Ponta das Canas spit grows it traps sediment and the downdrift beaches (west of Ponta das CanasCanasvieiras, Jurerê, Forte and Daniela) retreat. On the other hand, when the spit erodes, releasing the trapped sediment, the downdrift areas prograde.
An anticlockwise longshore transport was identified and described between a series of beaches with variable orientation and separated by headlands, including evidence of beach rotation (Barra-Moçambique and Santinho), headland overpassing (Santinho-Ingleses dunefield), together with three locations (Ponta das Canas, Jurerê and Forte) with cyclical spit formation. The estimated volume input from Ingleses (10,000 m 3 y
À1
) is similar to the volume trapped at Ponta das Canas spit as it grows (7000 m 3 y À1 ), whereas a smaller volume is trapped as Forte spit grows (4600 m 3 y
). It is very likely that headland bypassing is the main source of sand for the spit formation and growth. Studies using in situ sediment transport data (such as sediment traps or tracers) or modeling tools may fill the gap of sediment transport knowledge between Ingleses and Lagoinha beaches as well quantify the volume of sediment bypassing the headlands.
